A detailed study of the crystallization process for compositions near Bi 2 Sr 2 Ca 1 Cu 2 O y was undertaken using differential thermal analysis (DTA), transmission and scanning electron microscopy (TEM and SEM), and xray diffraction (XRD). Glasses prepared by a splat-quench technique were free of secondary phases in most cases. A two-step crystallization process in oxygen was observed in which partial crystallization of the glass occurs initially with the nucleation of "2201" and Cu 2 O, and is completed with the formation of SrO, CaO, and Bi 2 Sr 3−x Ca x O y . No specific thermal event could be associated with the formation of the "2212" phase. Rather, formation occurs via conversion of 2201 into 2212. This was a kinetically limited process at temperatures below 800 °C as other phases were found to evolve in addition to the 2212 phase during extended anneals. In contrast, a nearly full conversion to the 2212 phase occurred after only 1 min of annealing at 800 °C and above. However, changes in resistivity data, secondary phases, and the measured 2212 composition upon extended anneals at 865 °C showed that considerably longer heat treatments were necessary for the sample to reach its equilibrium state. A detailed study of the crystallization process for compositions near BiaSraCaiQ^CVy was undertaken using differential thermal analysis (DTA), transmission and scanning electron microscopy (TEM and SEM), and x-ray diffraction (XRD). Glasses prepared by a splat-quench technique were free of secondary phases in most cases. A two-step crystallization process in oxygen was observed in which partial crystallization of the glass occurs initially with the nucleation of "2201" and Cu 2 O, and is completed with the formation of SrO, CaO, and Bi2Sr 3^C a x 0 > ,. No specific thermal event could be associated with the formation of the "2212" phase. Rather, formation occurs via conversion of 2201 into 2212. This was a kinetically limited process at temperatures below 800 °C as other phases were found to evolve in addition to the 2212 phase during extended anneals. In contrast, a nearly full conversion to the 2212 phase occurred after only 1 min of annealing at 800 °C and above. However, changes in resistivity data, secondary phases, and the measured 2212 composition upon extended anneals at 865 °C showed that considerably longer heat treatments were necessary for the sample to reach its equilibrium state.
I. INTRODUCTION
Crystallization from the amorphous state has successfully been used for producing high-temperature superconducting phases in the B i -S r -C a -C u -0 system. Examples include thin films, fibers, and bulk forms.
1 " 3 In general, each of the three superconducting phases in the B i -S r -C a -C u -0 system 45 is described by the formula Bi 2 Sr 2 Ca, I _ 1 Cu,,O A: where n represents the number of CuO 2 planes. Although considerable solid solution ranges have been reported, 6 ' 7 these phases are generally referred to as "2201", "2212", and "2223", having approximate transition temperatures of 15 K, 85 K, and 110 K, respectively. In the case of 2212, a more representative expression of the ideal composition may be Bi2(Sr,Ca) 3 Cu 2 0y. 8 Materials processed through crystallization from the amorphous state are often referred to as glass-ceramics. Crystal growth is intended to proceed entirely from the amorphous phase although crystallization often occurs via one or more metastable phases before final conversion to the equilibrium state. 9 The relative amounts of glass and crystalline materials, mechanical integrity, and microstructure can be controlled by a closely regulated heat treatment. However, in the case of superconducting materials, a completion of the crystallization process is required as the presence of glassy or intermediate phases could adversely affect superconducting properties. In this sense, the final product is purely ceramic.
In principle, a fully dense sample that is homogeneous on the atomic level can be obtained by glass formation. Various methods for producing the glassy state in the B i -S r -C a -C u -0 system have been employed. Methods with high quench rates (10 5 -10 7 K/s) have included splat-quenching 10 and twin-roller quenching.
11
These and other comparable methods generally produce completely or nearly amorphous material with thicknesses ranging from several hundred to a few tens of microns. Methods with slower quench rates (<10 3 K/s) such as pressing between metal plates can be used to produce glassy material, but often with significant amounts of one or more crystalline phases. 12 Conversion of these materials to a superconducting phase requires an understanding of the crystallization process in order to maximize the superconducting properties while controlling the microstructure and phase assemblage. While glassy material can be made for a substantial range of compositions in this system, 9 only those close to the 2212 stoichiometry will be discussed in this paper.
Several groups have investigated various aspects of crystallization of the 2212 and 2223 phases from the amorphous state. 9 ' 10 ' 1317 Typically, the glassy state was identified by a diffuse halo in x-ray diffraction. Differential thermal analysis (DTA) was used to identify a glass transition and one or more crystallization exotherms. Although the properties of the glass are dependent upon the quenching rate, several general characteristics of the crystallization process from DTA are evident: (1) a glass transition is generally noted around 400 °C; (2) one or more crystallization exotherms have been observed starting around 450 °C; (3) a small endotherm is sometimes observed around 700 °C while the main melting events occur between 850 °C and 900 °C. Most of these studies found the low T c phase Bi 2 (SrCa) 2 Cu 1 0 > , (2201) to crystallize first. One exception is the work by Ibara et al. 11 which suggested the first crystallization product to be (Sr, Ca) 3 Cu 5 0 r However, short anneals of 10 min or less in which oxygen uptake is limited were not used in these studies to investigate the crystallization process.
Oxygen deficiencies, as noted by Nassau et al., in these quenched glasses can be expected to affect phase formation. 11 It is generally known that the high-J c superconducting phases are not observed to form in the absence of O 2 . As a consequence, information regarding intermediate phase formation may be missed with extended anneals. In this study, both short and extended anneals were employed to determine the crystallization process for glasses around the 2212 stoichiometry. Short anneals were found to be crucial in determining intermediate phase formation during conversion of the glassy material into the 2212 superconductor.
II. EXPERIMENTAL PROCEDURE
Amorphous samples were prepared by a splatquench technique similar to the process used by Hinks et al. 10 Several series of samples (Bi 2+JC Sr 2 CaiCu 2 0y, Bi 2 Sr 2w CaiCu 2 0j,, Bi 2 Sr 2 Ca 1+JC Cu 2 O>,, and Bi 2 Sr 2 Ca!-Cu 2+JC Oy; x = 0.5, 0.2, 0, -0 . 2 , and -0.5) were made in which one element was systematically varied. High purity (>99.99%) Bi 2 O 3 , SrCO 3 , CaCO 3 , and CuO were weighed in the appropriate molar ratios and ground in an alumina mortar and pestle. The powder was calcined between 780 and 800 °C for 30 h with one intermediate grinding. After a final grinding, it was placed in a metallurgical grade alumina crucible and held for 45 min at 1075 °C. The melt was then poured onto a stainless steel plate heated to 200 °C and immediately quenched from above with a large Cu anvil.
Temperatures of thermal events for amorphous or annealed samples were determined by DTA using a Perkin-Elmer 1700 system. Approximately 40 mg of freshly ground powder was heated and cooled at a rate of 10 °C/min in zero-grade O 2 or Ar with a gas flow of 50 cc/min. DTA temperatures were checked against reference materials SrCO 3 and SiO 2 and found to be within ± 3 °C of accepted values. Both the extrapolated onset and peak temperatures are reported. Baseline changes are given in terms of onset and midpoint values. Thermogravimetric analysis (TGA) of oxygen uptake was performed on approximately 80 mg of material using a Perkin-Elmer TGA 7 system with a heating rate of 2 °C/min in O 2 . Heat treatments of samples were carried out in sealed quartz tube furnaces with oxygen or argon flow rates of 50 cc/min. Anneal times ranged from 1 min up to 1000 h at temperatures from 475 °C to 865 °C. Major phases were identified by powder x-ray diffraction (XRD). Scanning electron microscopy (SEM) was used for general microstructural and chemical (energy dispersive spectroscopy, EDS) information. Transmission electron microscopy (TEM) was employed to obtain additional microstructural information, determine individual grain compositions, and identify phases by electron diffraction and chemical analysis. TEM samples were prepared by standard dimpling and ion-milling techniques. Standards for quantitative analysis in the SEM and TEM consisted of amorphous samples with a composition of Bi 2 . 24 Sri.89Cai.o4Cu 2 .o 2 O y determined by an inductively coupled plasma technique (ICP). Both SEM and TEM work on this standard revealed only an amorphous matrix containing no secondary phases. Measured compositions of each phase in this paper are normalized to the number of cations, as reported in the literature. Changes in superconducting properties after various stages of the crystallization process were monitored by a standard four-probe resistivity setup with a lower temperature limit of 10 K.
III. EXPERIMENTAL RESULTS

A. Glass formation
As-quenched material typically had smooth surfaces, a glossy-black appearance, and an average thickness of 300 /xm with lateral dimensions as large as several centimeters. Figure 1 contains a typical powder diffraction scan of glassy material used in this study. The amorphous state can be inferred from the presence of two broad peaks. Processing with alumina crucibles introduced approximately 2 at. % or less Al into the glass, as determined by ICP. Al was never found in any of the superconducting phases nor was it observed to form any other compounds in combination with copper. Upon annealing at temperatures of 750 °C or above, the Al was observed by TEM to have incorporated into small S r -C a -A l -0 particles located along some of the grain boundaries. An approximate composition of Al(Sr, Ca) 2 
B. Thermal analysis
DTA and TGA heating curves are shown in Fig. 2 with a listing of thermal events in Table I Table I. account for differences among these works. During this study, for example, grinding powders prior to DTA was found to be essential for reproducibility.
Two smaller endotherms at 691 °C and 852 °C precede the main melting event at 886 °C in oxygen. Melting in argon is seen to occur at a much lower temperature with an onset of 748 °C. The presence of the second endotherm in Ar is questionable since no comparable thermal event is seen in the cooling curve, nor is it reproduced upon sequential DTA scans in Ar. Most likely, it corresponds to a phase that normally is stable in O 2 and, in this case, forms during initial crystallization in Ar with whatever oxygen is available in the glass. Upon melting, the oxygen is lost and the phase does not form on cooling.
TGA results indicate a substantial amount of oxygen absorption takes place upon heating the glass in oxygen. Although oxygen absorption starts near the glass transition temperature observed in DTA, most occurs between 600 °C and 700 °C. An uptake of 0.41 oxygen per copper atoms was calculated assuming y = 8.2 for the composition Bi 2 Sr 2 Cai. 2 Cu 2 O y and full oxidation at the peak in the TGA curve. An abrupt change in the oxygen uptake was noted around 700 °C which is in the temperature range of the first endotherm observed by DTA. At 830 °C, the sample started to undergo a weight loss which was continuous to 850 °C where the experiment was stopped. As a reference point for the crystallization study, powder diffraction scans of B^S^Cai^G^Oj, samples annealed at 750 °C in argon and 865 °C in oxygen for 25 and 100 h, respectively, are presented in Fig. 3 . A list of phases and phase compositions as determined by XRD, SEM, and TEM for this particular composition can be found in Table II . After the anneal at 750 °C in Ar, Bi 2 Sr 3 _ j: Ca j: 0 > , and Cu 2 O were the main phases identified by XRD using the rhombohedral indexing of Roth et al. 19 A small amount of another B i -S r -C a -0 phase was present and compositional measurements in the SEM suggested it to be similar to Bi 2 Sr 2 _ j: Ca A: O y . 19 The Ar anneal was limited to 25 h as the furnace tube was observed to darken. Upon exposure to oxygen, the film on the tube wall turned yellow, the color of Bi 2 O 3 . However, Bi loss was not detected by either SEM/EDS or ICP analysis and, thus, was assumed to be negligible. Resistivity measurements showed the argon-annealed sample to be semiconducting. No differences between this sample and the glass were observed by DTA in Ar, and the endotherm marked B5 in Fig. 2 20 For the oxygen annealed sample, almost all peaks in the x-ray scan could be indexed to the 2212 phase. 21 Small amounts of Sri^Ca^Cu^O and SrO were found by SEM and TEM analysis. 22 Zero-resistance (7R=O) for this sample was measured at 72 K. DTA in O 2 of this sample did not detect the lower two endotherms around 700 °C and 860 °C noted earlier for the amorphous sample. Therefore, melting of the 2212 phase is associated with the endotherm marked A6 in Fig. 2 with an extrapolated onset temperature of 886 °C.
Finally, DTA scans shown in Fig. 4 for the series Bi 2 Sr 2 Ca, +x Cu 2 O y (x = 0.5, 0.2, 0, -0.2, and -0.5) indicate that the crystallization process in O 2 is the same for all compositions around the 2212 stoichiometry. Variations in peak intensities and onset temperatures can be attributed to changes in the starting compositions. With increasing Ca, the two crystallization exotherms labeled 1 and 2 move closer together and slightly upward in temperature with a shift in intensity to peak 2. Differences in onset temperatures and intensities can be seen for the endotherms labeled 3, 4, and 5 in Fig. 4 . As will be shown below, these endotherms are associated with the melting of a B^S^C a^ phase, 2201, and 2212, respectively. The shift in intensity from endotherm 5 to 4 can be correlated with previous work on this same series of compositions in which greater amounts of 2201 were found in the final equilibrium phase assemblage as the starting Ca content was decreased. 20 composition. Powder diffraction scans of the 1-min anneal series can be found in Fig. 5 . Various phases have been marked to note their presence as a function of temperature. Figure 6 contains TEM micrographs and selected area diffraction patterns (SAD) for the anneals at 475 °C, 500 °C, and 550 °C.
475 °C and 500 °C, 1 min
For the sample annealed at 475 °C, XRD and SAD revealed only broad, diffuse rings, as seen in Figs. 5 and 6(a). However, small crystallites with a lattice spacing of 12 A were observed in the bright-field (BF) image, many of which contained intergrowths of a 15 A phase. Several broad peaks are evident in XRD from the sample annealed at 500 °C and can be indexed to 2201 and Cu 2 O. TEM analysis revealed only the crystallites and Cu 2 O, as shown in Fig. 6(b) . Hence, the crystallites and intergrowths probably correspond to the 2201 and 2212 phases, respectively, since 12 A and 15 A are approximately one-half of the c-axis repeat distance for each phase. Figure 7 shows a typical 2201 crystallite with several 2212 intergrowths from a sample annealed at 500 °C. Not all of the material had crystallized at this point as convergent beam electron diffraction (CBED) revealed a significant amount of amorphous material surrounding the Cu 2 O and 2201 crystallites. This was also confirmed by SAD which showed ring patterns from the 2201 and Cu 2 O phases superimposed upon a broad diffuse halo.
550 °C, 1 min
The addition of a Bi 2 Sr3_ x Ca x 0 y phase to those already present was noted by x-ray diffraction. The 
C. Crystallization
Phase formation associated with the crystallization process as recorded by DTA was investigated using a series of 1-min anneals at temperatures from 475 °C to 865 °C. Samples were heated at a rate of 10 °C per min, held for 1 min, and then quenched in air. Bi 2 Sr3_ x Ca^Oj, phase can be distinguished from 2201 and 2212 by a peak at 42.4°, as shown in Fig. 3 . In addition, some CaO and a significant amount of SrO were also observed by TEM. Both BF and SAD shown in Fig. 6 (c) indicate a larger degree of crystallization. For example, this SAD pattern does not show the broad halos like those present in SAD from the samples annealed at 475 °C and 500 °C. Except for a surface layer, SEM examination did not reveal any differences in the microstructure among this sample, the lower temperature anneals, and the as-quenched material. This surface layer, as shown in Fig. 8 , was observed in most of the samples examined in the SEM regardless of heat treatment. Further experiments revealed this layer to result from a reaction with the silver epoxy used to mount the samples for polishing. EDS analysis showed this layer to be depleted of Cu.
650 °C, 1 min
At this point, XRD detected the presence of 2212 which was confirmed by TEM analysis, although most of the grains had multiple intergrowths of the 2201 phase. TEM/EDS measurements listed in Table II show the average composition of the 2212 phase to be Bi-rich and Cu-deficient, consistent with the observed number of intergrowths. No grains measured by compositional analysis in the TEM could be considered purely 2201 or 2212. Also apparent from the XRD scan in Fig. 5 is a sharpening of x-ray diffraction peaks from Bi 2 Sr 3 _ j: Ca J: 0 > ,, the presence of Cu 2 O, and some reflections corresponding to CuO. Grain sizes were generally less than 0.5 fim, as shown in Fig. 9(a) . SEM analysis on this same sample could distinguish only the reaction layer shown in Fig. 8 . The rest of the sample appeared featureless, as seen in Fig. 10(a) .
750 °C, 1 min
After this anneal, considerably more of the 2212 phase was found by XRD along with small amounts of 2201 and CuO. Grains of the 2212 phase were much larger and clearly defined compared to the sample annealed at 650 °C although a few regions of 2201 could still be found, as marked in Fig. 9(b) . At this point, small Al-containing particles with an approximate composition of Al(Sr, Ca) 2 O y and located primarily along some of the grain boundaries could be found in TEM micrographs. In addition, the Bi 2 Sr 3 _ ;c Ca x 0 > , phase was not detected by XRD or TEM analysis. Partial melting in the interior of the sample seems to have occurred, as suggested by the layered microstructure of SrO particles observed in the SEM. This layered structure is present for all the 1-min 
800 °C and 865 °C, 1 min
The 2212 phase was found as the major phase for samples annealed at 800 °C and 865 °C. Relative peak intensities for the sample annealed at 865 °C are similar to those shown in Fig. 4 for the sample annealed for 100 h. XRD also showed the amounts of 2201 and CuO to diminish. Since 2201 was the only other phase found above 800 °C, besides SrO and CuO, the endotherm labeled A5 in Fig. 2 is associated with the melting of the 2201 phase. TEM micrographs in Fig. 9 show very little change in grain size of 2212 phase between the samples annealed for 1 min at 750 °C and 865 °C. However, more subtle changes occurred as the average composition of the 2212 phase listed in Table II 750 °C are present in these samples also, but are fewer and reduced in size.
Resistivity measurements on the three samples annealed at 475 °C, 500 °C, and 550 °C found them to be semiconducting with no signs of a superconducting transition. Resistivity curves for the samples annealed for 1 min at 650 °C and above are shown in Fig. 11 . All of these samples showed a semiconducting behavior in the normal state. Samples annealed at 750 °C and 800 °C showed a small transition around 90 K and a larger downward trend starting around 40 K. Zero resistance (T R = 0) values could not be measured below the 10 K limit of the cooling system. The sample annealed at 
D. Isothermal anneals
Phase formation was also studied as a function of time by several isothermal anneals at 550 °C, 650 °C, 750 °C, 800 °C, and 865 °C in O 2 .
550 °C
As shown in Fig. 12 , XRD did not detect the formation of 2212 even after 1000 h of annealing time. Peak widths from x-ray diffraction and grain sizes as observed in the TEM were similar for both samples annealed for 1 min and 1000 h. With extended anneals, Cu 2 O converts to CuO and the Bi 2 Sr 3 _ x Ca x O y phase disappears. However, the phases to which Bi 2 Sr3_ A: Ca j: 0y converted could not be accurately determined. Resistivity measurements for all anneals at 550 °C showed a semiconducting behavior with no indication of a superconducting transition down to 10 K. Fig. 13 are x-ray diffraction scans from three samples annealed for 1 min, 10, and 100 h. XRD peaks belonging to both 2201 and 2212 were observed to increase with extended anneals. As shown in Fig. 14 , both of these phases could be found growing together within the same grain. The average composition of these grains from the sample annealed for 100 h reflected the presence of these two separate phases. No single measured grain composition was found to be purely 2201 or 2212. Cu 2 O and Bi 2 Sr 3 _ x Ca x O y were again found to disappear with extended annealing times. However, TEM analysis was needed to determine completely all phases present since an unambiguous identification of all XRD peaks was not possible. Counting 2201 and 2212 separately, eight phases were observed by TEM in the sample annealed for 100 h. Measured compositions of these phases can be found in Table II . CuO and SrO were present in various amounts after the 100-h anneal along with a CaCuO phase that was indexed according to the orthorhombic subcell structure given by Roth et al. 23 B^S^C a .^ was also found by TEM analysis, but in much smaller amounts compared to the 1-min anneal. A new phase with an approximate composition of Bi 2 (SrCa 2 ) 2 O y seems to have formed at the expense of Bi 2 Sr 3^C a A: 0 > , and appears to be related to a Sr 6 Bi 2 0 y phase reported by Roth et al. 19 Additional work is in progress to completely identify this phase. It is probable that this same phase evolution is also occurring at 550 °C, but at a slower rate. at 650 °C. XRD and TEM revealed the 2212 phase to be the major phase although many of these grains contained intergrowths and distinct regions of the 2201 phase. Small amounts of CaCuO, CuO, and SrO were also identified by TEM.
650 °C
Shown in
800 °C and 865 °C
2212 was observed to be the dominant phase in all anneals by XRD, SEM, and TEM. The small amount of 2201 observed by XRD after the 1-min anneals at these temperatures disappeared with extended annealing times. Resistivity data shown in Fig. 15 for the samples annealed at 865 °C show a change from a semiconducting to metallic behavior in the normal state and a sharpening of the superconducting transition as the annealing time increased. However, resistivity results for the sample annealed for 100 h still show a rather broad transition with an onset around 90 K and zero-resistance at 72 K. Overall, SEM analysis on samples heat treated at 865 °C showed a gradual disappearance of CuO needles and the appearance of a Sr 14^C a x Cu 2 4O > , phase as the anneals were extended to 100 h. A backscattered electron micrograph of a polished cross section from the sample annealed for 25 h at 865 °C is shown in Fig. 16 . The large, dark needles are Sr i4 _ x Ca x Cu 2 4O y while the very fine black particles are SrO. On either surface of the sample, a region of grain growth of the 2212 phase perpendicular to the surface was observed. Grain sizes in this region were much larger than in the middle sections of the sample, and it is separated from the bulk of the sample by a layer consisting of small grains of Sr 1 4_ x Ca x Cu 2 4O ) , and voids. Within the bulk of the sample, no noticeable change in grain size of 2212 was observed by TEM between the samples annealed for 1 min and 100 h at 865 °C. However, compositional changes occurred as indicated by the average composition of the 2212 phase determined for all the samples annealed 865 °C. A gradual trend toward the ideal Bi 2 (Sr, Ca)3Cu 2 O y was observed with extended anneals although the measured composition of the 2212 phase from the 100-h anneal at 865 °C was still slightly Bi-rich, as shown in Table II .
E. 2212 stability
Due to the number of phases present at 650 °C after 100 h of annealing time, a simple test was undertaken to determine the equilibrium phases at this temperature. Pieces of the sample annealed at 865 °C for 100 h were reannealed at 650 °C for 100 h. The initial sample, as shown in Fig. 4 , was almost completely single-phase 2212. After the anneal at 650 °C, no changes could be detected by XRD indicating that 2212, once formed, is quite stable and does not decompose at lower temperatures into any of the phases observed during the crystallization process.
IV. DISCUSSION
The aim of the present study was to investigate the crystallization and low-temperature phase formation of compositions in the B i -S r -C a -C u -0 system close to the nominal 2212 stoichiometry. Accordingly, no systematic study was undertaken to determine an optimal heat-treatment schedule to maximize the superconducting properties. It was observed, however, that the majority of the material could be converted to the 2212 phase at 800 °C and above after 1 min of annealing in oxygen.
It is not surprising that glasses can be obtained in this system given that Bi 2 O 3 is a conditional glass former. 24 However, a better understanding of the glass formation process in the B i -S r -C a -C u -O system can be obtained from the standpoint of kinetics. On cooling through the liquidus, there must be kinetic factors that limit the crystallization process. For example, direct crystallization of complex crystal structures is more in the amount of energy available for breaking bonds in the liquid necessary for crystallization to proceed. 22 As a consequence, compositions near a eutectic, for example, are easier to form as a glass by a suitable quenching technique. For the case at hand, similar effects occur due to oxygen deficiencies since this results in a lowering of the melting temperature.
From TGA experiments on the as-quenched material, an uptake of 0.41 oxygen per copper atoms was calculated. This is in general agreement with the value of 0.44 found by Nassau et al. 11 Based on this result, \ it can be assumed that at the processing temperature of 1075 °C used in this study, the melt is oxygen deficient. It is generally known that the high-J c phases do not form in deficiencies of oxygen. None of the superconducting phases was present, for example, in the sample annealed in Ar at 750 °C. For comparison, a large amount of 2212 was found in the sample annealed for only 1 min in O 2 at 750 °C. In a study by Bormann and Nolting, the perovskite structure was found to be dependent upon the stability of the Cu +2 state in the C u -0 planes. 25 In this crystallization study, one of the first phases to appear upon crystallization of the oxygendeficient glasses is Cu 2 O, indicating that the oxidation state for a large amount of the Cu is in the + 1 state. In addition, DTA has shown that the absence of O 2 has a depressing effect upon the liquidus. Given the oxygen deficiency in the melt, some undercooling of the 2212 phase can be expected during solidification. Polonka et al. have observed such an undercooling of 2212 by high-temperature x-ray studies of the melting and solidification processes. 26 Therefore, an oxygen deficiency in melt inhibits formation of the superconducting phases and lowers the liquidus, both of which create favorable conditions for quenching in the amorphous state.
Almost all compositions around the 2212 stoichiometry could be produced in glass form without significant amounts of secondary phases using alumina crucibles, although some Al contamination was found by ICP. No Al was observed to substitute into the superconducting phases by TEM/EDS analysis. Impurity phases that contained Al were found along some of the grain boundaries, as described in Fig. 9 . Their presence may have restricted grain growth since no difference in grain sizes can be seen between the 1-min and 100-h anneal at 865 °C. It is uncertain if the broad transitions and tails seen in the resistivity measurements of Fig. 15 are the result of these particles at the grain boundaries. The same general distribution of S r -C a -A l -0 particles was found by TEM for both of the samples annealed for 1 min and 100 h at 865 °C. The main differences between these anneals were in the types of impurity phases present and the final composition of the superconducting phase, suggesting that compositional changes were, to a large extent, responsible for the improvement in resistivity results.
The two exotherms that occur in the temperature ranges of approximately 440 °C to 490 °C and 500 °C to 520 °C were found to correspond to specific crystallization events in O 2 based on the results from the 1-min anneals. These can be written in their order of occurrence as: 
[B] -> Bi 2 Sr 3 _ a : Ca K 0 a + SrO + CaO
process converts to other phases upon annealing in oxygen below 700 °C, and it melts during heating of the glass around 700 °C. The 2212 phase evolves from 2201 nuclei that form during initial crystallization. Its formation from 2201 below 800 °C was found to be kinetically limited. In contrast, a majority of the sample could be converted to the 2212 phase after only 1 min of annealing in O 2 at 800 °C and above for those compositions which form mostly 2212. However, extended anneals at these higher temperatures were needed for the system to reach its equilibrium state, as shown by compositional measurements on individual grains and changes in the secondary phases present.
